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Inhibition of postsynaptic glutamate receptors
at the Drosophila NMJ initiates a compensatory
increase in presynaptic release termed synaptic
homeostasis. BMP signaling is necessary for
normal synaptic growth and stability. It remains
unknown whether BMPs have a specific role
during synaptic homeostasis and, if so, whether
BMP signaling functions as an instructive retro-
grade signal that directly modulates presynap-
tic transmitter release. Here, we demonstrate
that the BMP receptor (Wit) and ligand (Gbb)
are necessary for the rapid induction of synap-
tic homeostasis. We also provide evidence that
both Wit and Gbb have functions during synap-
tic homeostasis that are separable from NMJ
growth. However, further genetic experiments
demonstrate that Gbb does not function as an
instructive retrograde signal during synaptic
homeostasis. Rather, our data indicate that
Wit and Gbb function via the downstream tran-
scription factor Mad and that Mad-mediated
signaling is continuously required during devel-
opment to confer competence of motoneurons
to express synaptic homeostasis.
INTRODUCTION
Bonemorphogenic proteins (BMPs) are classical morpho-
gens that are widely expressed in the developing verte-
brate and invertebrate nervous systems (Raible, 2006;
Teleman et al., 2001). Classical morphogens are defined
by their ability to signal at a distance in a concentration-
dependent manner (Teleman et al., 2001; Charron and
Tessier-Lavigne, 2005). In this way, positional information
is conveyed to cells that reside at different positions within
a morphogen gradient. The activity of BMP signaling dur-
ing neuronal fate specification and brain patterning is well
established (Chesnutt et al., 2004; Lim et al., 2000; Murali
et al., 2005; Rios et al., 2004; Yung et al., 2002). Recently,
the BMPs have been shown to have potent activities laterin neural development, participating in the mechanisms of
axon guidance (Charron and Tessier-Lavigne, 2005), den-
drite growth (Withers et al., 2000), synaptic growth (Aberle
et al., 2002; Marques et al., 2002; McCabe et al., 2003),
and synapse stabilization (Eaton and Davis, 2005). It is
generally unknown whether the BMPs participate in these
processes as morphogens, signaling at a distance with
dose-dependent actions, or whether BMPs function as
local, trans-synaptic signaling molecules. This question
becomes particularly interesting given recent genetic evi-
dence that BMP signaling may participate in the mecha-
nisms of homeostatic synaptic plasticity (Haghighi et al.,
2003).
Homeostatic signaling is believed to regulate cellular
excitability throughout the central and peripheral nervous
systems (Burrone and Murthy, 2003; Turrigiano and Nel-
son, 2004; Marder and Goaillard, 2006; Davis, 2006). A
form of homeostatic signaling has been documented at
the neuromuscular junction of organisms ranging from
Drosophila to rodents and human (Petersen et al., 1997;
Davis et al., 1998; Paradis et al., 2001; Cull-Candy et al.,
1980; Plomp et al., 1992; Sandrock et al., 1997). At the
NMJ, decreased postsynaptic neurotransmitter receptor
sensitivity leads to a compensatory increase in presynap-
tic transmitter release that precisely offsets impaired
receptor function and restores normal muscle depolariza-
tion (Petersen et al., 1997; Davis et al., 1998; Frank et al.,
2006). This homeostatic signaling system requires a retro-
grade signal frommuscle to nerve that is able to modulate
presynaptic release (Petersen et al., 1997; Davis et al.,
1998; Davis, 2006; Frank et al., 2006).
A genetic experiment has provided evidence that the
Drosophila type II BMP receptor, wishful thinking (Wit),
could convey the retrograde signal underlying homeo-
static signaling at the Drosophila NMJ (Haghighi et al.,
2003). It was shown that expression of a dominant-nega-
tive glutamate receptor subunit (DN-GluRIIA) in muscle
leads to a decrease in the amplitude of spontaneous min-
iature release events (mEPSP) and a homeostatic increase
in presynaptic release. However, when DN-GluRIIA was
expressed in muscle in a wit mutant, no homeostatic in-
crease in presynaptic release was observed. Although
suggestive, this result is complicated by the fact that the
wit mutation also disrupts structural and functional syn-
apse development (Aberle et al., 2002; Marques et al.,Neuron 56, 109–123, October 4, 2007 ª2007 Elsevier Inc. 109
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As a result, it remains unclear whether the wit mutation
specifically disrupts synaptic homeostasis or whether this
mutation developmentally cripples the NMJ, both struc-
turally and functionally, such that no form of synapsemod-
ulation can be expressed (Davis, 2006). Furthermore, it
was recently shown that the induction of homeostatic sig-
naling at theDrosophila NMJ is rapid (occurring in 10 min),
is independent of new protein synthesis, and does not
require the presence of the motoneuron cell body (Frank
et al., 2006). This would seem to rule out a function for
canonical BMP signaling from the NMJ to the motoneuron
cell body in the mechanisms responsible for the rapid
induction of synaptic homeostasis.
We have addressed the specific functions of BMP sig-
naling during synapse development and homeostatic
plasticity by manipulating multiple components of the
BMP signaling system. Our experiments provide evidence
that BMP signaling is specifically required for homeostatic
plasticity, independent of BMP-dependent regulation of
synaptic growth or stability. However, our data also argue
against a model in which BMPs act as a local, retrograde
homeostatic signal to modulate presynaptic release.
Rather, we demonstrate that BMPs confer competence
for motoneurons to express homeostatic plasticity.
RESULTS
Philanthotoxin (PhTx) is a use-dependent glutamate re-
ceptor antagonist at the Drosophila NMJ (Frank et al.,
2006). Application of subblocking concentrations of PhTx
to the NMJ initially decreases both mEPSP and EPSP am-
plitudes by an equivalent amount. This is consistent with
the partial blockade of postsynaptic glutamate receptors
(Frank et al., 2006). Continued recording in the presence
of PhTx demonstrates that EPSP amplitudes gradually
increase over the course of 10 min without a change in
the underlying average mEPSP amplitude. The increase
in EPSP amplitude is caused by an increase in presynaptic
transmitter release (quantal content) that requires the full
functionality of presynaptic CaV2.1 calcium channels
(Frank et al., 2006). These data are consistent with the
rapid induction of a retrograde, homeostatic signaling sys-
tem at theNMJ (Frank et al., 2006). Here, we use this assay
to test the function of BMP signaling in the mechanisms
underlying the rapid induction of synaptic homeostasis.
Throughout this study, the rapid induction of synaptic ho-
meostasis is achievedbyapplying subblocking concentra-
tions of PhTx to a semi-intact NMJ preparation for 10 min
(Frank et al., 2006). At this time point, we observe a robust,
homeostatic increase in presynaptic transmitter release
(Frank et al., 2006).
The Type II BMP Receptor Wit Is Necessary,
Presynaptically, for the Rapid Induction of
Synaptic Homeostasis
We first asked whether mutations in the type II BMP re-
ceptor wishful thinking (wit) block the rapid induction of110 Neuron 56, 109–123, October 4, 2007 ª2007 Elsevier Inc.synaptic homeostasis following application of PhTx to
the NMJ. For the analysis of BMP mutations, we present
data both as raw amplitudes (Tables) and as normalized
to the same genotype recorded in the absence of PhTx
(Figures), as done previously (Frank et al., 2006). This
method of data presentation highlights the effects of PhTx
application to a given mutant background both in terms of
the acute, PhTx-dependent change in mEPSP amplitude
and the rapid homeostatic modulation of presynaptic re-
lease. For example, if we observe that decreased mEPSP
amplitude, caused by PhTx application, correlates with
increased quantal content compared to the same mutant
without PhTx, then we conclude that homeostatic
compensation has occurred, even if absolute synaptic
strength remains below that observed in wild-type (Frank
et al., 2006).
In the first set of experiments, we find that application of
6 mMPhTx for 10min to wild-type or heterozygouswitmu-
tant animals (wit/+) leads to a decrease in mEPSP ampli-
tude and a homeostatic increase in presynaptic release
(Figures 1A and 1B). We then find that wit null mutants
fail to show any compensatory increase in presynaptic
release following PhTx application (Figure 1B). Neuronal
expression ofUAS-wit in thewitmutant background using
two independent GAL4 drivers restores the expression
of homeostatic compensation, demonstrating that Wit is
required presynaptically for the rapid induction of synaptic
homeostasis (Figure 1D). Importantly, we have confirmed
that OK371-GAL4 is specifically expressed in motoneu-
rons (Mahr and Aberle, 2006), and we can, therefore, con-
clude that wit has a motoneuron-specific activity that is
sufficient for the expression of synaptic homeostasis. As
an additional experiment, we demonstrate that the known
Wit-dependent control of FMRFamide expression in the
CNS does not have a role in the expression of synaptic
homeostasis (see Figure S1 in the Supplemental Data
available with this article online).
The witmutants have a significant decrease in baseline
synaptic transmission compared to wild-type (Figure 1B
and Table 1) (Aberle et al., 2002; Marques et al., 2002),
and this could be the primary cause of impaired synaptic
homeostasis. Therefore, we repeated PhTx application
to the wit null mutants and recorded in elevated extracel-
lular calcium saline (1 mM Ca2+, 10 mM Mg2+). Despite
enhanced presynaptic release, synaptic homeostasis re-
mained blocked following application of PhTx to the wit
mutant (Figure 1C and Table 1). Thus, we conclude that
the impaired induction of synaptic homeostasis in the
wit mutation is not a direct consequence of decreased
quantal release that is observed in the wit mutant NMJ.
The BMP Ligand Gbb Independently Specifies
Synaptic Growth and Synaptic Homeostasis
Glass bottomboat (Gbb) is a BMP ligand for theWit recep-
tor that is expressed in muscle and within the CNS (Whar-
ton et al., 1999; McCabe et al., 2003). If BMP signaling is
required for the rapid induction of synaptic homeostasis,
then gbb mutations should also block the rapid induction
Neuron
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(A) Quantal content (filled bar) and mEPSP amplitude (open bar) are quantified. The dashed line represents normalized wild-type baseline values
recorded in the absence of PhTx. Bars represent values recorded after 10min PhTx application, normalized towild-type in the absence of PhTx. There
is a significant decrease in mEPSP amplitude and a significant, compensatory increase in quantal content. Right, representative traces showing
mEPSPs (inset) and EPSPs for control and PhTx-treated wild-type animals.
(B) Data are presented as in (A). Application of PhTx to heterozygous controls (witA12/+ and witB11/+) induces a decrease in mEPSP amplitude and
a compensatory increase in quantal content compared to heterozygous controls in the absence of PhTx (p < 0.001). No increase in quantal content is
observed in the null mutant (witA12/witB11) animals compared towitA12/witB11 animals in the absence of PhTx (p > 0.5). Sample traces are shown for the
null witA12/witB11 animals with and without PhTx application for 10 min.
(C) Data are presented as in (A). Synaptic homeostasis remains blocked in witA12/witB11 animals when recordings are conducted in saline containing
1 mM Ca2+ and 10 mM Mg2+.
(D) Data are presented as in (A). ExpressingUAS-wit using either of the presynaptic GAL4 driversOK6-GAL4 orOK371-GAL4 in thewitmutant back-
ground (witA12/witB11) restores synaptic homeostasis, as demonstrated by a significant increase in quantal content after PhTx challenge (p < 0.001
and p < 0.01 respectively).
(E) mEPSP frequency in wild-type, wit mutant animals, and wit animals in which UAS-wit is expressed presynaptically using OK6-GAL4 or OK371-
GAL4.
(F) Quantification of data for bouton number (open; percent wild-type bouton number), baseline transmission (hatched; percent wild-type EPSP
amplitude) and quantal content (filled). Values for quantal content are normalized to recordings in the absence of PhTx for a given genotype as in
(A).Witmutant animals (witA12/witB11) have decreased bouton number, decreased EPSP amplitude, and no homeostatic increase in quantal content
(as shown in [B]). Presynaptic expression ofUAS-wit in thewitmutant usingOK371-GAL4 partially restores bouton number (numbers are significantly
less than wild-type, p < 0.01), does not rescue EPSP amplitude, and completely rescues a homeostatic increase in release (p < 0.001). Presynaptic
expression of UAS-wit in thewitmutant usingOK6-GAL4 restores all aspects of synaptic growth and function. Significance is indicated as follows for
this figure and all subsequent figures: *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test.
Error bars represent SEM.of synaptic homeostasis. Gbb null mutants are subviable
(McCabe et al., 2003). Therefore, prior studies examined
hypomorphic loss-of-function mutant combinations in-
cluding a weak gbb loss-of-function condition (gbb1/
gbb4) and a severe gbb loss-of-function condition (gbb1/
gbb2, UAS-gbb9.9) that is composed of a null mutant allelic
combination and leaky expression of UAS-gbb9.9 in the
absence of a GAL4 driver (McCabe et al., 2003). We first
confirmed that both hypomorphic allelic combinations im-
pair morphological synapse development (McCabe et al.,2003; see below). Unexpectedly, however, both hypomor-
phic mutant combinations showed robust synaptic ho-
meostasis following a 10 min PhTx incubation (Figure 2A
and Table 2). These data apparently contradict the block-
ade of homeostasis in the wit mutant.
One explanation for the presence of homeostatic com-
pensation in the gbb hypomorphs is that small amounts of
Gbb protein fail to support normal synaptic growth but are
sufficient to support normal synaptic homeostasis. To
address this possibility, we established conditions thatNeuron 56, 109–123, October 4, 2007 ª2007 Elsevier Inc. 111
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Condition Genotype PhTX mEPSP EPSPa QC N
0.6 mM Ca2+ w1118  0.95 ± 0.04 39.2 ± 1.5 41.8 ± 2.0 16
20 mM Mg2+ + 0.49 ± 0.06 36.2 ± 1.6 78.1 ± 4.9*** 12
witA12/+  0.87 ± 0.06 35.2 ± 1.5 40.9 ± 1.4 6
+ 0.49 ± 0.02 33 ± 1.9 67.3 ± 3.4*** 6
witB11/+  0.93 ± 0.04 38.9 ± 1.7 42 ± 2.0 8
+ 0.49 ± 0.03 34.5 ± 0.6 71.8 ± 2.6*** 8
witA12/witB11  0.64 ± 0.03 13.5 ± 1.7 21.3 ± 2.7 10
+ 0.40 ± 0.02 7.5 ± 0.7** 18.6 ± 1.8 11
OK6-GAL4/UAS-wit;  0.91 ± 0.08 32.7 ± 1.7 37 ± 2.6 9
witA12/witB11 + 0.5 ± 0.03 29.6 ± 1.1 60.5 ± 2.8*** 9
OK371-GAL4/UAS-wit;  0.8 ± 0.04 16.5 ± 1.8 20.8 ± 2.0 10
witA12/witB11 + 0.37 ± 0.02 13.9 ± 1.8 37.6 ± 5.1** 11
dLIMK1P1/Y  1.07 ± 0.06 43 ± 1.7 41.8 ± 3.8 9
+ 0.66 ± 0.02 40.7 ± 1.5 62.1 ± 2.8*** 8
sax4/Df  0.97 ± 0.13 3.0 ± 0.3 3.3 ± 0.5 6
1 mM Ca2+ witA12/witB11  0.38 ± 0.03 27.7 ± 1.6 122.3 ± 12.2 11
10 mM Mg2+ + 0.21 ± 0.02 18.5 ± 2.2** 122.9 ± 13.4 12
sax4/Df  0.83 ± 0.07 30.4 ± 1.0 63.8 ± 3.6 11
+ 0.44 ± 0.05 19.2 ± 0.9*** 63.7 ± 6.8 11
Values refer to data presented in Figures 1, 4C, and 5B. EPSP and mEPSP are in mV (± SEM).
a Significant changes in average EPSP amplitude and Quantal Content (QC) are determined for each genotype (+/ PhTx) accord-
ing to *p < 0.05, **p < 0.01, ***p < 0.001. All changes in mEPSP amplitude (+/ PhTx) are statistically significant (p < 0.05).allowed us to raise gbb null mutants (gbb1/gbb2) to the
third-instar stage (see Experimental Procedures). First,
we find that synaptic growth is no more severely impaired
than that observed in the strong hypomorphic condition
(gbb1/gbb2, UAS-gbb9.9) (Figure 3; p > 0.3). Importantly,
synaptic homeostasis is fully blocked in gbb null mutants
(Figure 2A), consistent with the blockade of synaptic ho-
meostasis in wit null mutants. Thus, we conclude that
gbb is necessary for synaptic homeostasis, consistent
with gbb functioning as the ligand for the Wit receptor in
motoneurons.
The demonstration that gbb null mutations block synap-
tic homeostasis allows us to test whether expression of
UAS-gbb in muscle versus neurons is sufficient to restore
synaptic homeostasis to the null mutant background. We
expressed the nonleakyUAS-gbb transgene (UAS-gbb9.1)
in the gbb null mutant background. The conclusion that
UAS-gbb9.1 is not leaky is based on the observation that
the presence of UAS-gbb9.1 in the gbb null mutant back-
ground (in the absence of a GAL4 driver) does not rescue
synaptic function or homeostasis (Figure 2B; Wharton
et al., 1999). When we express UAS-gbb9.1 specifically
in muscle using theMHC-GAL4 driver in the gbb null mu-
tant background, we restore the rapid induction of synap-
tic homeostasis (Figure 2B). Similarly, when we express112 Neuron 56, 109–123, October 4, 2007 ª2007 Elsevier IncUAS-gbb9.1 specifically in neurons using elav-GAL4 in the
gbb null mutant, we find that the rapid induction of synap-
tic homeostasis is restored (Figure 2B). Because expres-
sion of Gbb in neurons is sufficient to rescue normal syn-
aptic homeostasis in the gbb null mutant, these data
demonstrate that Gbb need not be released from themus-
cle to achieve homeostatic compensation. These data ar-
gue that Gbb is not the instructive retrograde signal that
directly modulates presynaptic release during synaptic
homeostasis at the NMJ.
Canonical Mad-Mediated Signaling Is Required
for Synaptic Homeostasis
Because the motoneuron cell body is not required for the
rapid induction of synaptic homeostasis (Frank et al.,
2006), there are two possibilities for how BMP signaling
could regulate synaptic homeostasis. First, the BMP re-
ceptors could signal locally at the NMJ via a noncanonical
pathway involving Lim kinase (Eaton and Davis, 2005) or
other downstream effectors. Alternatively, the BMPs may
have aMad-dependent developmental function in themo-
toneuron soma that permits the expression of homeo-
static plasticity. Mad is a transcription factor that conveys
signaling from the BMP receptor to the cell nucleus in the
canonical BMP signaling pathway..
Neuron
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(A) Quantal content (filled bar) and mEPSP amplitude (open bar) are quantified and normalized to amplitudes recorded for each genotype in the
absence of PhTx (as in Figure 1A). A homeostatic increase in quantal content offsets a significant decrease in mEPSP amplitude in all mutant com-
binations examined except the null gbb combination gbb1/gbb2, which does not show a homeostatic increase in quantal content in response to PhTx
treatment (p > 0.2). Representative traces are shown for indicated genotypes at right.
(B) Data are quantified as in (A). Either neuronal-specific (elavC155-GAL4) or muscle-specific (MHC-GAL4) expression of UAS-gbb9.1 in the gbb null
mutant background restores a homeostatic increase in quantal content. Representative traces are shown at right.
Error bars represent SEM.Todistinguish between these twomodels,we first asked
whetherMad-dependent signaling is required for the rapid
induction of synaptic homeostasis. As shown previously,
the mad null mutants have a deficit in baseline synaptic
transmission that is similar to that observed in the witmu-
tants (Rawson et al., 2003; Table S1). Here, we find that
mad heterozygous animals show normal synaptic homeo-
stasis, while homozygousmad null mutants fail to express
synaptic homeostasis in response to PhTx application
(Figure 4A). Because Mad is thought to primarily act as a
transcription factor (Shi and Massague, 2003), these data
suggest that BMP signaling is required at the level of the
motoneuron nucleus for normal synaptic homeostasis.
We next performed experiments to test whethermad is
required in muscle versus neurons, with the hypothesis
that it functions in the motoneuron downstream of Wit ac-
tivation. To do so, we overexpressed an inhibitory Smad
(UAS-dad) in neurons. Dad suppresses Mad-mediated
signaling by blocking Mad activation and preventing
translocation to the cell nucleus (Tsuneizumi et al., 1997;
Nakao et al., 1997; Shi and Massague, 2003). We find that
UAS-dad expression in neurons blocks synaptic homeo-
stasis, whereas expression of UAS-dad in postsynaptic
muscle does not (Figure 4B). Together, these data are
consistent with the conclusion that Mad-dependent sig-
naling is required in the neuron for the rapid induction of
synaptic homeostasis.
To this point, we have shown that gbb,wit, andmad are
necessary for the rapid induction of synaptic homeostasis.
To further test whether this branch of the BMP signaling
system is specifically required for synaptic homeostasis,
we also tested mutations in two type 1 BMP receptors,
saxophone (sax) and baboon (babo), that can pair with the
Wit receptor (McCabe et al., 2004; Brummel et al., 1999).
The Sax receptor has been shown to function with Wit in
the regulation of Mad-mediated NMJ growth and functionN(McCabe et al., 2004). The Babo receptor is believed to
function with Wit to mediate dSmad2 signaling (Brummel
et al., 1999; Lee-Hoeflich et al., 2005). Here, we demon-
strate that the rapid induction of synaptic homeostasis is
blocked in the sax4/Dfmutant, whereas significant synap-
tic homeostasis remains in the babo32 mutant (a putative
null mutation; Brummel et al., 1999) (Figure 4C). These
data are consistent with the conclusion that Mad signaling
downstream of the Wit receptor is required for the rapid
induction of synaptic homeostasis. Furthermore, the dem-
onstration that Wit is necessary in motoneurons and that
neuronal overexpression ofUAS-dad also blocks synaptic
homeostasis leads us to conclude that Mad signaling is
necessary in the motoneuron for normal synaptic homeo-
stasis.
Impaired Retrograde Axonal Transport Blocks
the Expression of Synaptic Homeostasis
Our data suggest a model in which the Wit receptor initi-
atesMad-dependent signaling in themotoneuron nucleus,
which is necessary for normal synaptic homeostasis. If this
model is correct, thenBMPsignalingat theNMJshouldnot
be sufficient to achieve synaptic homeostasis if down-
streamMad-dependent signaling is prevented from reach-
ing themotoneuron nucleus. It has been previously shown
that impaired retrograde axonal transport caused by ex-
pression of a dominant-negative p150/Glued (UAS-DN-
Glued) transgene blocks the accumulation of nuclear
P-Mad in Drosophila motoneurons (McCabe et al., 2003;
Eaton et al., 2002; Allan et al., 2003).Here,wefind that neu-
ronal expressionofUAS-DN-Gluedblocks the rapid induc-
tion of synaptic homeostasis (Figure 5A and Table S2).
Because synaptic homeostasis canbe induced inprepara-
tions with severedmotor axons (Frank et al., 2006) and be-
cause local synaptic BMP signaling should be retained in
animals expressing UAS-DN-Glued, our data argue thateuron 56, 109–123, October 4, 2007 ª2007 Elsevier Inc. 113
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Genotype PhTX mEPSPb EPSPa QC N
yw  1.25 ± 0.06 35.8 ± 1.5 29.3 ± 2.0 14
+ 0.64 ± 0.06 30.1 ± 2.6* 48.9 ± 4.0*** 12
gbb1/+  0.84 ± 0.03 35.2 ± 1.6 41.9 ± 2.1 16
+ 0.58 ± 0.05 32.1 ± 1.3 61 ± 5.3** 16
gbb2/+  1.02 ± 0.09 35.2 ± 2.3 35.8 ± 3.0 7
+ 0.54 ± 0.02 34.5 ± 1.7 63.5 ± 2.8*** 5
gbb2,UAS-gbb9.9/+  0.91 ± 0.08 35.6 ± 1.3 41.2 ± 4.1 7
+ 0.52 ± 0.02 31.1 ± 0.6** 60.2 ± 2.3*** 8
gbb1/gbb4  1.41 ± 0.13 34.4 ± 2.7 25.5 ± 2.2 11
+ 0.65 ± 0.05 29.6 ± 1.4 47.2 ± 3.2*** 9
gbb1/gbb2,UAS-gbb9.9  1.27 ± 0.10 26.6 ± 1.4 22 ± 1.9 14
+ 0.67 ± 0.04 22.1 ± 1.4* 34.1 ± 2.6** 12
gbb1/gbb2  1.18 ± 0.10 15.8 ± 1.4 14.2 ± 1.3 14
+ 0.68 ± 0.08 6.6 ± 1.2*** 10.6 ± 2.0 11
gbb1/gbb2; UAS-gbb9.1/+  1.59 ± 0.21 12.9 ± 1.8 8.8 ± 1.5 9
+ 0.87 ± 0.15 5.3 ± 1.0*** 8.0 ± 2.0 9
gbb1/gbb2; UAS-gbb9.1/  1.00 ± 0.07 8.5 ± 1.3 8.3 ± 1.3 10
MHC-GAL4 + 0.56 ± 0.03 8.1 ± 1.1 15.0 ± 2.5* 9
elavC155-GAL4/+; gbb1/gbb2;  1.08 ± 0.11 26.4 ± 1.3 26.5 ± 2.7 10
UAS-gbb9.1/+ + 0.55 ± 0.02 23.5 ± 2.2 43.1 ± 3.8** 10
Values refer to data presented in Figure 2. EPSP and mEPSP are in mV (± SEM).
a Significant changes in average EPSP amplitude and Quantal Content (QC) are determined for each genotype (+/ PhTx) accord-
ing to *p < 0.05, **p < 0.01, ***p < 0.001. All changes in mEPSP amplitude (+/ PhTx) are statistically significant (p < 0.05).
b There is a trend toward increased average mEPSP amplitude in the gbbmutants, also observed previously (McCabe et al., 2003),
but the data are not statistically significant compared to the appropriate genetic background (yw).local BMP signaling at the NMJ is not sufficient for the ho-
meostatic modulation of presynaptic transmitter release
following the application of subblocking concentrations
of PhTx. Rather, these data support ourmodel that nuclear
BMP signaling is required to specify the competence of
motoneurons to express synaptic homeostasis following
application of PhTx. However, before this conclusion can
be strongly supported, it is necessary to rule out several
other mechanisms by which UAS-DN-Glued could indi-
rectly block expression of synaptic homeostasis.
First, it was previously shown that UAS-DN-Glued ex-
pression not only disrupts retrograde axonal transport but
also destabilizes the NMJ (Eaton et al., 2002). Similarly, it
has been shown that impaired BMP signaling disrupts
synapse stability (Eaton and Davis, 2005). To test whether
NMJ destabilization contributes to the loss of synaptic ho-
meostasis, we examined mutations in the Drosophila ho-
molog of LIM kinase. LIM kinase binds the C-terminal tail
of the BMP receptor, and mutations in LIM kinase impair
synapse stability without altering synaptic growth (Eaton
and Davis, 2005). We find that synaptic homeostasis is
normal in a LIM kinase mutant previously shown to have114 Neuron 56, 109–123, October 4, 2007 ª2007 Elsevier Inc.impaired synapse stability (Figure 5B; Eaton and Davis,
2005). Thus, impaired synapse stability cannot account
for impaired synaptic homeostasis.
Although disrupting dynein/dynactin function primarily
alters retrograde axonal transport, it can also influence
anterograde transport (Martin et al., 1999). In addition, im-
paired axonal transport causes the accumulation of pro-
tein blockages that could interfere with synaptic homeo-
stasis indirectly by inducing stress-related signaling in
the motoneuron (Martin et al., 1999; Cavalli et al., 2005;
Byrd et al., 2001). Therefore, we examined the induction
of synaptic homeostasis in a kinesin mutant combination
that is viable to the third-instar stage and that has impaired
anterograde axonal transport and protein blockages in the
motor axon similar in size and severity to that observed
when UAS-DN-Glued is expressed neuronally (Martin
et al., 1999; data not shown). We find that kinesinmutants
show robust homeostatic compensation following a 10
min incubation in PhTx (Figure 5A). Thus, altered synaptic
homeostasis is not a secondary consequence of impaired
neuron health, axonal blockage, or impaired delivery of
synaptic material to the NMJ. We conclude that impaired
Neuron
BMPs Sustain Expression of Homeostatic PlasticityFigure 3. Impaired Synaptic Growth in gbb Mutants Does Not Correlate with the Expression of Synaptic Homeostasis
(A–C) Composite images of anti-synapsin staining at gbb1/gbb2 and gbb1/gbb2,UAS-gbb9.9 aswell as wild-type synapses. Images represent the NMJ
at muscle 6/7.
(D) Quantification of bouton number (open; percent wild-type bouton number), baseline transmission (hatched; percent wild-type EPSP amplitude),
and quantal content (filled). Values for quantal content are normalized to control values recorded for each genotype in the absence of PhTx. Bouton
number and baseline transmission are significantly impaired in gbb1/gbb2 (p < 0.01), and there is no significant homeostatic increase in quantal con-
tent (p > 0.2). Bouton numbers are significantly decreased in gbb1/gbb4 (p < 0.01). Baseline transmission and bouton number are significantly im-
paired in gbb1/gbb2,UAS-gbb9.9 (p < 0.001). Neuronal-specific rescue of gbb (elav-GAL4 gbb rescue) restores synaptic homeostasis and significantly
rescues both NMJ growth and baseline neurotransmission (p < 0.001). Muscle-specific rescue of gbb (MHC-GAL4 gbb rescue) restores synaptic
homeostasis and significantly rescues NMJ growth (p < 0.001) but does not significantly rescue baseline neurotransmission.
Error bars represent SEM.retrograde axonal transport blocks synaptic homeostasis,
most likely due to impaired BMP signaling at themotoneu-
ron soma.
BMP Signaling at the Soma Confers Competence
to Express Homeostatic Plasticity
If BMP signaling at the motoneuron soma is required for
synaptic homeostasis, it should be possible to restore P-
Mad at the soma even in the presence of DN-Glued and
rescue synaptic homeostasis. It was shown previously
that simultaneous overexpression of UAS-gbb and UAS-
DN-Glued in neurons can restore an accumulation of
nuclear P-Mad, indicating that BMP signaling can be
achieved from UAS-gbb expressed in the CNS without
necessitating retrograde axonal transport from peripheral
tissues (Allan et al., 2003). Therefore, we overexpressed
UAS-Gbb in neurons that also overexpress UAS-DN-
Glued and find full rescue of synaptic homeostasis (Fig-
ure 6A and Table S2). These data are consistent with the
conclusion that disruption of synaptic homeostasis follow-
ing neuronal expression of UAS-DN-Glued is a conse-
quence of impaired neuronal BMP signaling. Taken to-
gether, our data indicate that BMP signaling at the cell
soma is required for motoneurons to be competent to
express synaptic homeostasis.
Independent Regulation of Homeostasis, Baseline
Neurotransmission and NMJ Growth
The BMP signaling system was originally characterized at
the Drosophila NMJ as being required for normal NMJ
growth and normal baseline transmission. Our data argueNthat impaired synaptic homeostasis in BMPmutants is not
a secondary consequence of impaired synaptic growth or
impaired baseline neurotransmission. First, we find two
conditions where synaptic growth remains impaired but
synaptic homeostasis is intact. For example, synaptic
growth in the gbb1/gbb2; UAS-gbb9.9 mutant background
is not statistically different from the gbb null (Figure 3; p >
0.14). However, the presence of the leaky UAS-gbb9.9
transgene restores normal synaptic homeostasis despite
impaired growth. A second example is seen when UAS-
gbb is coexpressed with UAS-DN-Glued. In this animal,
synaptic growth is severely impaired, but synaptic homeo-
stasis is normal (Figure 6B). Thus, synaptic homeostasis
can occur at an NMJ with impaired synaptic growth.
A different set of results demonstrates that there is not a
correlation between impaired baseline transmission and
the expression of synaptic homeostasis. First, when we
express UAS-wit in the wit mutant background using
OK371-GAL4, we restore synaptic homeostasis without
significantly rescuing baseline synaptic function (Fig-
ure 1F). Second, when we express UAS-gbb in the gbb
null mutant background usingMHC-GAL4, we also restore
synaptic homeostasis without significantly rescuing base-
line synaptic function (Figures 2B and 3D). Third, when
UAS-gbb and UAS-DN-Glued are coexpressed in neu-
rons, synaptic homeostasis is restoredwithout rescuingei-
ther synaptic growth or baseline transmission (Figure 6B).
Together, these three results demonstrate that synaptic
homeostasis can be achieved despite impaired baseline
transmission. When taken together with the lack of corre-
lation between NMJ growth and synaptic homeostasis,euron 56, 109–123, October 4, 2007 ª2007 Elsevier Inc. 115
Neuron
BMPs Sustain Expression of Homeostatic Plasticityour data suggest that the BMP-dependent mechanisms
that specify the expression of synaptic homeostasis can
be separated from the mechanisms of BMP-dependent
synapse development.
Finally, to test whether the independence of baseline
transmission and the expression of synaptic homeostasis
generalizes to mutations that directly affect synaptic ves-
icle fusion, we examined two additional mutations. Base-
line synaptic transmission is severely impaired in a csp
mutant background (0.6 mM extracellular calcium) (Fig-
ure 7A and Table S3), consistent with previous studies im-
plicating Csp in synaptic vesicle fusion (Nie et al., 1999).
Despite impaired vesicle release, we find that synaptic ho-
meostasis is normal in the cspmutant (Figure 7B). Next we
examined heterozygous mutations in syntaxin1A, which
also have a significant decrease in baseline synaptic
transmission (Figure 7C and Table S3). Synaptic homeo-
stasis is normal in this mutant background as well (Fig-
ure 7C). Together with the BMP mutant data described
Figure 4. Mad-Mediated Signaling Is Required in Motoneu-
rons for the Expression of Synaptic Homeostasis
(A) Quantal content (filled bar) and mEPSP amplitude (open bar) are
quantified and normalized to amplitudes recorded for each genotype
in the absence of PhTx (as in Figure 1A). The mad heterozygous ani-
mals showa significant decrease inmEPSP amplitude and a significant
homeostatic increase in quantal content following PhTx application.
The mad null mutant (mad10/mad12) fails to show a homeostatic in-
crease in quantal content in response to decreasedmEPSP amplitude.
(B) There is no significant increase in quantal content in response to
PhTx application in animals that express UAS-dad in neurons using
elavC155-GAL4 (p > 0.3). A significant, homeostatic increase in quantal
content is observed following muscle expression of UAS-dad using
MHC-GAL4 (p < 0.01).
(C) Quantification as in (A) for sax4/Df and babo32/babo32 mutations.
Synaptic homeostasis is blocked in the sax4/Df mutants (recorded at
elevated calcium as indicated).
(D) Quantification of mEPSP frequency.
Error bars represent SEM.116 Neuron 56, 109–123, October 4, 2007 ª2007 Elsevier Inc.above, these data demonstrate that synaptic homeostasis
can occur in the context of impaired baseline neurotrans-
mission.
BMP Signaling Is Continuously Required
for the Expression of Synaptic Homeostasis
Finally, we asked whether BMP signaling is continuously
required to support the expression of synaptic homeosta-
sis or whether BMPs act in a switch-like manner, possibly
during cell-fate specification, to allow expression of syn-
aptic homeostasis. To examine this question, we inhibited
BMP signaling in motoneurons for varying lengths of time
during larval development and examined the effect on
synaptic homeostasis. First, we demonstrate that expres-
sion of UAS-dad with either elavc155-GAL4 or c380-GAL4
(Table S1), which initiate expression at different times
during embryonic development (Lin and Goodman, 1994;
Sanyal et al., 2003), are both sufficient to block PhTx-de-
pendent synaptic homeostasis. In particular, c380-GAL4
initiates expression no earlier than embryonic stage 17
(Sanyal et al., 2003), after motoneuron cell-fate specifica-
tion is completed. This indicates that postembryonic
BMP signaling is required for the expression of synaptic
homeostasis.
Next, we refined our analysis by conditionally inhibit-
ing BMP signaling using an inducible GAL4 expression
system termed GeneSwitch (Osterwalder et al., 2001;
Roman et al., 2001). In theGeneSwitch system, the steroid
drug RU486 turns on the GeneSwitch transcription
factor elavGS-GAL4. Wild-type animals raised on RU486
throughout larval development show normal synaptic
homeostasis, baseline transmission, and synaptic growth
(Figure 8D, Table S4, and data not shown). We used this
system to drive conditional expression of UAS-dad. Con-
trol animals (elavGS-GAL4/+;UAS-dad/+) reared on me-
dia lacking RU486 (0 days) have normal synaptic growth
(Figure 8A), a slight decrease in baseline transmission
(Figure 8B and Table S4), normal mEPSP frequency (Fig-
ure 8C), and express normal synaptic homeostasis (Fig-
ure 8E). By contrast, elavGS-GAL4/+;UAS-dad/+ larvae
that receive RU486 in their food for the final 2.5 or 4 days
of larval development have profound defects in synaptic
growth, baseline transmission, mEPSP frequency (Figures
8A–8Cand Table S4), and have severely impaired synaptic
homeostasis (Figure 8E). Thus, the GeneSwitch system
allows us to express UAS-dad at sufficient levels to impair
BMP-dependent synaptic growth, baseline transmission,
and the BMP-dependent expression of synaptic homeo-
stasis.
Next, we progressively shortened the duration of RU486
administration such that animals spent the final 2.5 days,
1.5 days, or 1 day of larval development on food contain-
ing RU486. First, there is a clear progressive impairment of
bouton number, baseline transmission, and homeostatic
compensation that corresponds to the duration of RU486
induction of UAS-dad. From this we conclude that Mad-
dependent signaling is continuously required during larval
development to sustain synapse growth, transmission,
Neuron
BMPs Sustain Expression of Homeostatic PlasticityFigure 5. Impaired Retrograde Axonal
Transport Blocks the Rapid Induction of
Synaptic Homeostasis
(A) Quantal content (filled bar) and mEPSP am-
plitude (open bar) are quantified and normal-
ized to amplitudes recorded for each genotype
in the absence of PhTx. Neuronal expression
of UAS-DN-Glued (elavC155-GAL4/+; UAS-
GluedDND84/+) prevents an increase in quantal
content in response to PhTx challenge (p >
0.9). Animals with a double-heterozygous
combination of mutations in kinesin heavy
chain and kinesin light chain (khc8/+; klcDf/+)
show a robust homeostatic increase in presyn-
aptic release following PhTx application.
(B) Data are quantified as in (A). A robust
homeostatic increase in quantal content is
observed in a LIM kinase mutant (DLIMKP1).
Error bars represent SEM.and homeostatic plasticity. By examining how these three
parameters become progressively impaired, we canmake
an additional conclusion. For example, animals reared on
RU486 for 1.5 days of larval development have normal
bouton numbers (Figure 8A; p > 0.2). However, during
this time frame there is a progressive impairment of both
baseline transmission and synaptic homeostasis (Figures
8B and 8E). Clearly, impaired synaptic transmission and
impaired homeostatic plasticity are not a secondary con-
sequence of impaired NMJ growth under these condi-
tions. Therefore, we can conclude that BMP signaling
has an activity at the Drosophila NMJ that is directly rele-
vant to the control of baseline transmission and homeo-
static plasticity.
DISCUSSION
The data presented here advance our understanding of
BMP signaling at the Drosophila NMJ in several important
ways. First, we demonstrate that BMP signaling is essen-Ntial for the rapid, protein-synthesis-independent, induc-
tion of synaptic homeostasis previously identified at this
NMJ (Frank et al., 2006). Because expression of UAS-
wit in motoneurons restores synaptic homeostasis in the
wit mutant and because suppression of Mad-mediated
signaling in neurons blocks synaptic homeostasis, we
conclude that BMP signaling acts upon the motoneuron
to enable the rapid induction of synaptic homeostasis.
Next, we show that the requirement for BMP signaling
during synaptic homeostasis is separable from BMP-
dependent support of synaptic growth and baseline
neurotransmission. Finally, we dissect the temporal and
spatial requirements for BMP signaling. Our data support
the conclusion that Mad-mediated signaling is required
constitutively, downstream of the Wit receptor, in order
to maintain the competence of motoneurons to express
homeostatic plasticity. Further, our data argue that Gbb
is not the retrograde signal that directly acts upon the
presynaptic motoneuron terminal to homeostatically
modulate presynaptic release.Figure 6. Neuronal Expression of Gbb in
a Background of Impaired Retrograde
Transport Restores Synaptic Homeosta-
sis but Not Growth or Synaptic Efficacy
(A) Quantal content (filled bar) and mEPSP am-
plitude (open bar) are quantified and normal-
ized to amplitudes recorded for each genotype
in the absence of PhTx. Animals simul-
taneously expressing UAS-DN-Glued and
UAS-GFP in neurons (elavC155-GAL4/+; UAS-
GluedDND84 /UAS-CD8-GFP) do not show a
homeostatic increase in quantal content
compared to controls. However, synaptic
homeostasis is restored when UAS-gbb is simultaneously overexpressed with UAS-DN-Glued (elavC155-GAL4/+; UAS-GluedDND84/UAS-gbb9.1).
(B) Quantification of bouton number (open; percent wild-type bouton number), baseline transmission (hatched; percent wild-type EPSP amplitude),
and quantal content (filled). Values for quantal content are normalized to control values recorded for each genotype in the absence of PhTx.UAS-gbb
expression in neurons restores a homeostatic increase in quantal content but does not restore synaptic growth or baseline EPSP amplitudes com-
pared to controls.
(C) Quantification of mEPSP frequency.
Error bars represent SEM.euron 56, 109–123, October 4, 2007 ª2007 Elsevier Inc. 117
Neuron
BMPs Sustain Expression of Homeostatic PlasticityGbb Signaling Confers Competence to Express
Homeostatic Plasticity
It has been hypothesized that Gbb could function as a
homeostatic retrograde signal at the Drosophila NMJ
(McCabe et al., 2003; Keshishian and Kim, 2004). Accord-
ing to this model, Gbb would be released in proportion to
the perturbation of postsynapticmuscle excitation in a glu-
tamate receptor mutant and, thereby, instruct the degree
of homeostatic compensation expressed by the presyn-
aptic motoneuron terminal (McCabe et al., 2003; Haghighi
et al., 2003). In favor of this model, homeostatic compen-
sation observed in a glutamate receptor mutant is blocked
by the witmutation (Haghighi et al., 2003). Here, we pres-
ent two lines of evidence that are consistent with the ne-
cessity of BMP signaling for homeostatic compensation.
Figure 7. Normal Synaptic Homeostasis in Mutations that
Disrupt Synaptic Vesicle Release
(A) Baseline EPSP amplitude is significantly impaired in both cspU1
and syx/+ mutants (wild-type amplitudes are repeated from Figure 1).
Representative EPSP traces are shown at right.
(B) The cspU1 mutants show normal homeostatic compensation in
response to PhTx application, recorded in 1 mM extracellular calcium
to increase absolute EPSP amplitude. Representative traces are
shown at right.
(C) The syx/+mutants show normal synaptic homeostasis in response
to PhTx application (normal saline). Representative traces shown at
right.
Error bars represent SEM.118 Neuron 56, 109–123, October 4, 2007 ª2007 Elsevier Inc.First, we confirm that the rapid induction of homeostatic
compensation following application of PhTx is blocked
by null mutations in both wit and gbb. Furthermore, we
show that muscle-specific rescue of the gbb null mutation
is sufficient to restore the rapid induction of homeostatic
compensation.
Despite these compelling genetic data, several experi-
ments now argue against the possibility that Gbb func-
tions as an instructive, retrograde signal that directly mod-
ulates presynaptic release during synaptic homeostasis.
First, we demonstrate that although muscle-specific res-
cue of the gbb null mutation is sufficient to restore synap-
tic homeostasis, so is neuron-specific rescue of the gbb
null mutation. Thus, homeostatic compensation can occur
even in the absence of muscle-derived Gbb. These data
argue against a model in which Gbb functions as the in-
structive retrograde signal that directly modulates presyn-
aptic release during synaptic homeostasis.
Next, we demonstrate that homeostatic signaling is
blocked by expression of DN-Glued in neurons, which
disrupts retrograde axonal transport. In this experiment,
Gbb signaling at the NMJ should, in theory, persist. Fur-
thermore, we have established that an intact motor axon
is not required for the rapid induction of synaptic homeo-
stasis (Frank et al., 2006). Thus, we can conclude that
trans-synaptic Gbb signaling from muscle to nerve is not
sufficient for the rapid induction of synaptic homeostasis.
Given that Wit and Gbb are necessary for synaptic ho-
meostasis, how do they participate in the process if Gbb
is not the instructive retrograde signal? We demonstrate
that Mad is necessary for synaptic homeostasis, and we
provide evidence that Mad-mediated signaling is required
in the motoneuron. In addition, we show that neuronal
expression ofUAS-Gbb restores homeostatic compensa-
tion in the presence of the DN-Glued transgene. These re-
sults suggest that the reason DN-Glued disrupts synaptic
homeostasis is because it interferes with the retrograde
axonal transport of P-Mad downstream of the Wit recep-
tor. This is consistent with the prior demonstration that
neuronal expression of Gbb can restore nuclear P-Mad
in the presence of UAS-DN-Glued (Allan et al., 2003). Be-
cause the induction of synaptic homeostasis does not re-
quire the motoneuron soma, we conclude that Gbb does
not function as an acute, retrograde signal. Rather, Gbb
may be amuscle-derived signal that acts developmentally
to confer the competence of motoneurons to express syn-
aptic homeostasis. Thus, the identity of the homeostatic
retrograde signal at the NMJ remains unknown. It remains
possible that other TGF-b superfamily signalingmolecules
could function at the NMJ in this capacity, includingmyo-
glianin and maverick (Lo and Frasch, 1999; Nguyen et al.,
2000), though we have shown that synaptic homeostasis
is intact in the baboon receptor mutant.
There are several possible ways in which BMP signaling
could confer competence for motoneurons to express
homeostatic plasticity. One possibility is that the BMPs
control a transcriptional program that is necessary for
synaptic homeostasis. For example, BMPs are potent
Neuron
BMPs Sustain Expression of Homeostatic PlasticityFigure 8. Continuous BMP Signaling Is Required to Sustain the Ability of Motoneurons to Express Homeostatic Plasticity
(A) Quantification of bouton number at muscles 6/7 in elavGS-UAS-dad animals (elavGS-GAL4/+; UAS-Dad/+) receiving RU486 administration for
different durations of time as indicated. Each data point represents bouton numbers normalized to wild-type animals that received identical
RU486 administration. Time in RU486 refers to the duration of RU486 exposure prior to the end of larval development.
(B) Representative traces and average EPSP amplitudes (numbers above traces) for elavGS-UAS-dad animals raised on RU486 for the indicated
durations. RU486 feeding does not have a significant effect on baseline EPSP amplitudes in wild-type.
(C) Quantification of mEPSP frequency for animals in (A)–(C).
(D) Quantal content (filled bar) and mEPSP amplitudes (open bar) are quantified for wild-type animals, raised on RU486 for indicated times. Data are
normalized to amplitudes recorded for wild-type in the absence of PhTx.
(E) Data are quantified and presented as in (D) for elavGS-UAS-dad animals raised on RU486 for the indicated durations of time prior to dissection at
the end of larval development.
Error bars represent SEM.regulators of cell fate during embryonic development
(Chizhikov and Millen, 2005). Perhaps the ability of moto-
neurons to express synaptic homeostasis is related to the
maintenance of their cellular or electrical identity. An alter-
nate possibility is that BMPs control the expression of es-
sential presynaptic proteins that are required for synaptic
homeostasis. For example, it has been shown in other
systems that target-dependent TGF-b signaling can mod-
ulate neuronal ion channel expression (Cameron et al.,
1998). We recently demonstrated that CaV2.1 calcium
channels are required for synaptic homeostasis at the
Drosophila NMJ (Frank et al., 2006). However, we con-
sider it unlikely that BMPs control synaptic homeostasis
through the regulation of CaV2.1 channel expression be-
cause there is not a strong correlation between altered
baseline synaptic transmission and the expression of
synaptic homeostasis. Furthermore, overexpression of a
GFP-tagged CaV2.1 calcium channel (cacophony-GFP)
is unable to restore synaptic homeostasis when coex-
pressed withUAS-dad (data not shown). Finally, BMP sig-
naling could influence the expression of synaptic homeo-
stasis by targeting the rate of spontaneous miniatureNrelease. Spontaneous release events that persist in the
absence of evoked neurotransmission are sufficient to in-
duce homeostatic compensation at the Drosophila NMJ
(Frank et al., 2006). However, we do not find a strong cor-
relation between baseline mEPSP frequency and whether
or not a mutant NMJ is able to express synaptic homeo-
stasis. Although the wit mutants show a severe decrease
in mEPSP rate compared to wild-type, the expression of
UAS-dad or UAS-DN-Glued both block synaptic homeo-
stasis without severely impairing baseline mEPSP rate
(see Figures 1, 4, and 6). Ultimately, continued forward
genetic investigation of homeostatic signaling may be re-
quired to identify the BMP-dependent mechanisms that
control the expression of synaptic homeostasis.
Dissociating BMP-Dependent Control of Synaptic
Growth, Efficacy, and Plasticity
BMP signaling is required for NMJ growth, baseline neuro-
transmission, and NMJ stability in addition to being
required for synaptic homeostasis (Aberle et al., 2002;
Marques et al., 2002; McCabe et al., 2003, 2004; Eaton
and Davis, 2005; Haghighi et al., 2003). It is a challenge,euron 56, 109–123, October 4, 2007 ª2007 Elsevier Inc. 119
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cific function during synaptic homeostasis versus a more
general role during synapse development (Davis, 2006).
Here, we present several lines of evidence that BMP sig-
naling may have a separable function during synaptic
growth versus synaptic homeostasis. First, we demon-
strate that synaptic homeostasis can occur at BMPmutant
synapses that show severely impaired synaptic growth.
For example, the gbb hypomorphicmutant has a decrease
in bouton number that is just as severe as the gbb null mu-
tant, but the gbb hypomorphic mutant shows normal ho-
meostatic compensation. As another example, animals in
which UAS-gbb and UAS-DN-Glued are coexpressed
have a severe decrease in bouton number but normal
homeostatic compensation (Figure 6). Thus, we conclude
that normal BMP-dependent synaptic growth is not
required for the expression of synaptic homeostasis.
We are also able to dissociate BMP-dependent base-
line transmission from both synaptic growth and synaptic
homeostasis. First, muscle-specific rescue of the gbb null
mutation significantly restores synaptic growth and res-
cues synaptic homeostasis, but baseline transmission
remains at levels observed in the null mutant (Figure 3).
Second, motoneuron-specific rescue of the wit mutation
(OK371-GAL4) similarly rescues bouton number and
synaptic homeostasis, although baseline transmission re-
mains severely impaired (Figure 1). Third, animals in which
UAS-gbb and UAS-DN-Glued are coexpressed have a
severe decrease in baseline transmission but normal
homeostatic compensation (Figure 6). Finally, we have re-
sults that show the converse effect. When UAS-dad is ex-
pressed for 1.5 days at the end of larval development,
both synaptic homeostasis and baseline transmission
are significantly impaired, but synaptic bouton numbers
remain wild-type (Figure 8). From these data we can con-
clude that impaired synaptic homeostasis is not a second-
ary consequence of BMP-dependent functional NMJ de-
velopment. It also appears that there may be distinct
effects of BMP signaling on the anatomical versus func-
tional development of the NMJ. One possibility, consistent
with BMPs being a classical morphogen, is that different
levels of the ligand could initiate specific transcriptional
programswith distinct effects on bouton number, baseline
transmission, and homeostatic plasticity. It is also possi-
ble that the site of action of BMP signaling will play an
important role in specifying signaling outcome (Baines,
2004).
The Relationship between Baseline Transmission
and Homeostatic Compensation
It was previously speculated that synaptic homeostasis
might function, over the course of development, to ensure
that the muscle cell is normally depolarized by the NMJ.
How can one explain the observation that csp and syx/+
mutations have decreased baseline neurotransmitter re-
lease but normal acute synaptic homeostasis in response
to PhTx application, or other genotypes explored in this
manuscript that show impaired baseline transmission120 Neuron 56, 109–123, October 4, 2007 ª2007 Elsevier Inc.and normal acute synaptic homeostasis? We previously
demonstrated that the acute induction of synaptic homeo-
stasis is independent of evoked neurotransmission. Thus,
synaptic homeostasis may not function to modulate the
absolute amplitude of evoked neurotransmitter release.
Rather, synaptic homeostasis might be a rapid system
to offset acute perturbations of postsynaptic receptor
function. In this case, developmental programs that spec-
ify NMJ anatomy and active zone addition would achieve
the reproducible development of the NMJ. Alternatively,
the mechanisms of acute homeostatic compensation fol-
lowing PhTx application may be separable, either tempo-
rally or molecularly, from the other potential mechanisms
that monitor and homeostatically control evoked EPSP
amplitudes.
Axonal Transport, Homeostatic Plasticity,
and Neurodegenerative Disease
Our data also suggest a possible link between the expres-
sion of homeostatic plasticity and themechanisms of neu-
romuscular degenerative disease. Genetic mutations that
impair retrograde axonal transport have been shown to
cause familial amyotrophic lateral sclerosis (Puls et al.,
2003). It has also been shown that, inDrosophila andmice,
mutations that disrupt dynein-dynactin complex function
lead to neuromuscular synapse degeneration (Eaton
et al., 2002; LaMonte et al., 2002). It is hypothesized that
impaired retrograde axonal transport deprives motoneu-
rons of muscle-derived trophic support leading to moto-
neuron degeneration (Gauthier et al., 2004; Pun et al.,
2006). Here, we demonstrate that impaired retrograde
axonal transport blocks the expression of homeostatic
plasticity at the NMJ. This deficit can be restored by ex-
pression of BMPs in the central nervous system, bypass-
ing retrograde axonal transport as the source of BMPs to
the motoneuron cell body. It is tempting to speculate that
impaired synaptic homeostasis at the NMJmay play a role
in the progression of motoneuron disease associated with
impaired retrograde axonal transport.
Finally, our data could have relevance to the sustained
expression of homeostatic plasticity in regions of the adult
nervous system (Davis, 2006; but see Desai et al., 2002).
BMPs and downstream signaling proteins such as the
Smads continue to be expressed in the adult nervous sys-
tem (Lopez-Coviella et al., 2006; Sun et al., 2007). In par-
ticular, BMPs are secreted into the cerebral spinal fluid at
concentrations that are relevant for neuronal signaling
(Dattatreyamurty et al., 2001). It is, therefore, interesting
to speculate that circulating levels of BMPs might sustain
the competence of neurons to express homeostatic plas-




PhTx treatment and electrophysiology were conducted as previously
described (Frank et al., 2006). Unless specified otherwise, recordings
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BMPs Sustain Expression of Homeostatic Plasticitywere conducted in HL3 saline containing 0.6 mM Ca2+ and 20 mM
Mg2+, with a stimulus duration of 3 ms. All recordings were from mus-
cle 6, abdominal segment 3 of third-instar larvae. For PhTx incuba-
tions, a semi-intact preparation was used in which a dorsal incision is
made with the animal pinned, but not stretched, at the anterior and
posterior, and then 200 ml of 6 mMPhTx-433 perfused over the incision
(Frank et al., 2006). After 10 min incubation, the dissection is com-
pleted and the animal washed in normal saline. Recordings with Vm
< 60 mV were included for analysis. Quantal content was calculated
as the ratio of the average EPSP/ average mEPSP amplitudes.
Average values for mEPSP, EPSP, and quantal content were calcu-
lated for each recording and then averaged across all recordings for
a given genotype. For experiments conducted in higher calcium (Fig-
ures 1, 4, and 7), quantal content was corrected for nonlinear summa-
tion (Martin, 1955).
Immunostaining
For bouton counts, third-instar larval fillets were fixed 2 min in Bouin’s
solution and stained overnight at 4C with mouse anti-synapsin anti-
body. All images and bouton counts are from muscles 6/7, abdominal
segment 3. For visualization of FMRFamide in the CNS, a mixture of
4%paraformaldehyde and 7%picric acid in 1x PBS solution was incu-
bated 10 min at room temperature, followed by washing in a blocking
solution of 1x PBS, 0.3% Triton X-100, 1 mg/ml BSA, and 5% goat
serum. Anti-PT2 antibody (Jiang et al., 2000; a kind gift of Dr. Paul
Taghert, Washington University) and secondary antibody (Goat anti-
rabbit alexa-488; Invitrogen) were used at 1:2000 or 1:500 in the
same blocking solution at 4C overnight and 2 hr room temperature,
respectively.
Genetics
All stocks were obtained from the Bloomington Stock Collection un-
less otherwise noted. The following synaptic vesicle mutations were
analyzed; sources of fly stocks are indicated in parentheses: cspU1/
cspU1 (Konrad Zinsmaier; Zinsmaier et al., 1994) and syntax-
in1A06737/+ (Schulze et al., 1995). These and most animals studied
were raised at 25C. The following BMP mutations were analyzed:
witA12/witB11 (Aberle et al., 2002), mad10/mad12 (Sekelsky et al.,
1995), gbb1 and gbb2 and gbb4 andUAS-gbb9.9 (BrianMcCabe;Whar-
ton et al., 1999), UAS-gbb9.1 (Stephan Thor; Wharton et al., 1999),
DLIMKP1 (Eaton and Davis, 2005), sax4/Df(2R)cn7969 (Twombly
et al., 1996) and babo32/babo32 (Brummel et al., 1999). The neuronal
gbb rescue genotypes analyzed were elavC155-GAL4/+; gbb1/gbb2;
UAS-gbb9.1/+, as well as elavC155-GAL4/+; UAS-GluedDND84/+; UAS-
gbb9.1/+, as well as elavC155-GAL4/+; UAS-GluedDND84/UAS-CD8-
GFP. The muscle gbb rescue genotype analyzed was gbb1/gbb2;
MHC-GAL4/UAS-gbb9.1. The followingwit rescue genotypes were an-
alyzed: OK6-Gal4/UAS-wit; witA12/witB11 as well as OK371-GAL4/
UAS-wit; witA12/witB11. For impairment of anterograde transport, the
double-heterozygous combination khc8/+; klcDf34ex5/+ (Martin et al.,
1999) was analyzed. The following GAL4 lines were used in this study:
elavC155-GAL4 (Lin and Goodman, 1994), OK6-GAL4 (Aberle et al.,
2002),OK371-GAL4 (Mahr and Aberle, 2006), c380-Gal4 (also referred
to as BG380-GAL4; Budnik et al., 1996), MHC-GAL4 (Schuster et al.,
1996), elavGS-GAL4 (Haig Keshishian; Osterwalder et al., 2001),
c929-GAL4 (Guillermo Marques; Marques et al., 2003). The following
UAS lines were used: UAS-dad (Tom Kornberg), UAS-wit (Michael
O’Connor; Marques et al., 2002), UAS-GluedDND84 (Rod Murphey;
Allen et al., 1999), and UAS-CD8-GFP. Mutant animals were raised
on apple plates supplemented with wet yeast paste, and homozygous
mutants were selected away from their heterozygous siblings. The
w1118 strain controlled for the genetic background of mutations that
exist in a w- background. The gbbmutations are in a ywmutant back-
ground and, therefore, yw was used as a control. For experiments us-
ing GeneSwitch (Osterwalder et al., 2001), 2–3 hr egg lays from paren-
tal genotypes elavGS-GAL4 and UAS-dad were conducted on apple
juice plates. After the specified time (see text), animals were trans-ferred to apple juice plates containing 25 mg/mL RU486 (a.k.a. mife-
pristone; Sigma) and topped with a yeast paste made up from 1 g dried
yeast and 2 mL 50 mg/mL RU486 in water. RU486 was prepared as
a stock solution at 10 mg/mL in ethanol.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/56/1/109/DC1/.
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